ABSTRACT: Blubber lipid concentrations of 14 organochlorine compounds and 10 polychlorinated biphenyls (PCB) were measured by gas chromatography with electron-capture detection in eastern North Atlantic humpback whales Megaptera novaeangliae from Cape Verde (n = 20) and Ireland (n = 4). Concentrations were statistically compared to those from 20 samples collected from the Gulf of Maine in the western North Atlantic. Pollutant burdens were compared using males only, in order to circumvent biases associated with reproductive offloading. Lipid-normalised PCB concentrations were below the estimated threshold toxicity value of 17 000 ng g −1 for blubber in marine mammals. Dichlorodiphenyltrichloroethane (DDT), PCB and chlordane concentrations were an order of magnitude lower than those previously reported for Gulf of Maine humpback whales and higher than those reported from the North Pacific Ocean. Higher concentrations of lower-chlorinated PCB congeners (28, 31 and 52), hexachlorocyclohexanes and hexachlorobenzene in males in eastern North Atlantic sites is consistent with higher latitude feeding grounds. Lower p,p'-DDE (dich loro di phe nyldichloroethane):ΣDDT ratios suggest that whales from the eastern North Atlantic harbour more recent inputs of DDT. The ΣDDTs:ΣPCBs ratio was higher for males from Cape Verde (1.69) and Ireland (1.44), indicating proportionately greater sources of agricultural rather than industrial sources of pollutants than for the Gulf of Maine whales (0.75). We demonstrate potential for persistent organochlorine pollutants (POPs) as tracers to determine foraging ground provenance for samples collected on breeding grounds in the North Atlantic. Low concentrations suggest that POPs are unlikely to be a factor in the poor recovery rate of humpback whales in Cape Verde.
INTRODUCTION
Persistent organochlorine pollutants (POPs) are almost exclusively synthetic, highly resistant to biode gra dation and found in electronic components, pesticides, lubricants and flame retardants. A wide number of POPs have been banned since the 1970s in developed nations due to health concerns for both humans and wildlife. Despite regulation and bans on their usage, POPs remain widespread in the environ-ment through transportation by sea and air, coupled with bioaccumulation due to their lipophilic nature. Differential recalcitrance, residence and concentrations of various POPs in the environment can be investigated by long-term monitoring of long-lived, lipid-rich and top trophic level animals such as cetaceans that cannot efficiently metabolise persistent organochlorine compounds (Tanabe et al. 1988 , Aguilar et al. 2002 , Krahn et al. 2007 .
Despite the threat that POPs may pose to the health and viability of a population, their presence can serve as an intrinsic marker from which population structure can be inferred. The delineation of 'stocks' or discrete populations is necessary to manage and conserve cetaceans effectively; however, this presents a formidable challenge (Donovan 1991) . Intrinsic markers are increasingly being used to this end, including molecular genetic (Palsbøll et al. 1997) , stable isotope (Ryan et al. 2013a ), trace elemental (Born et al. 2003) and fatty acid analyses (Herman et al. 2005) . A recent study capitalised on spatially explicit patterns in blubber POP concentrations to elucidate population structuring among humpback whales Mega ptera novaeangliae throughout the North Pacific Ocean (Elfes et al. 2010) . Geographic patterns in POP tissue concentrations have also been used to investigate fine-scale population structure in inter alia bottlenose dolphins Tursiops truncatus, narwhals Monodon monoceros and bowhead whales Balaena mysticetus (Hoekstra et al. 2002 , Hansen et al. 2004 , Borrell et al. 2006 .
Humpback whales carry out long-distance annual migrations: over-wintering in tropical breeding grounds and foraging at high latitudes on feeding grounds. In the North Atlantic Ocean, humpback whales exhibit maternally directed site fidelity to these breeding and feeding grounds (Martin et al. 1984 , Clapham & Mayo 1987 . They feed almost exclusively at higher latitudes, although feeding on breeding grounds has been rarely observed, where it is apparently limited to juveniles (Baraff et al. 1991 , Gendron & Urban 1993 , De Sá Alves et al. 2009 ). Contaminant burdens in humpback whales are therefore primarily reflective of each individual's summer feeding ground. As such, contaminant concentrations such as those of POPs can potentially be used to infer population structure in humpback whales (Elfes et al. 2010) .
The International Union for the Conservation of Nature (IUCN) recently revised the global species status of humpback whales to Least Concern from Vulnerable (Reilly et al. 2008) . However, some subpopulations remain listed as Endangered (Oceania and the Arabian Sea) and the current knowledge of others is not necessarily sufficient to ascertain their specific conservation status. Humpback whales in the eastern North Atlantic are a case in point. Until recently it was thought that North Atlantic humpback whales comprised a panmictic population (Palsbøll et al. 1997) , with one modern breeding ground in the West Indies (Martin et al. 1984 , Smith et al. 1999 . However, the Cape Verde Islands off western Africa was once an important humpback whaling ground (Reeves et al. 2002 , Smith & Reeves 2003 , and recent research has revealed that some humpback whales still breed there (Jann et al. 2003 , Wenzel et al. 2009 ). Individual humpback whales from both breeding grounds have been recorded on common feeding grounds off Iceland and in the Barents Sea (Martin et al. 1984 , Jann et al. 2003 , Bérubé et al. 2004 , Wenzel et al. 2009 ), but none have been sighted on both breeding grounds. Furthermore, Cape Verdean whales have not been re corded at any of the known western North Atlantic summer feeding grounds (Jann et al. 2003 , Wenzel et al. 2009 ).
The most recent comprehensive abundance estimate for humpback whales in the North Atlantic, from sampling carried out during 1992 and 1993, was 11 570 (95% CI = 10 290 to 13 390) (Stevick et al. 2003) . Of these, only 99 (coefficient of variation = 0.23) humpback whales are thought to breed around Cape Verde (Smith et al. 1999 , Punt et al. 2006 . However, 137 individual humpback whales have been sighted in Cape Verde waters since 1990 (F. Wenzel, NOAA, unpubl. data) . Additional data on stock structure are needed to assess the recovery of North Atlantic humpback whales, and especially those in the eastern North Atlantic. Intrinsic markers, including POPs (Aguilar 1987) , may provide insight into population connectivity and geographic range to support in formed management decisions. This paper presents results from quantitative (concentrations and ratios) and qualitative analyses (concentration-independent principal component analysis) of a suite of halogenated aromatic compounds, POPs, in the blubber lipids of humpback whales from a breeding ground (Cape Verde Islands) and a feeding or migratory stop-over area (Ireland) in the eastern North Atlantic. To our knowledge, these are the first POP concentrations to be reported for cetaceans from Cape Verde waters or indeed the tropical eastern North Atlantic. Our results are compared directly with those from a similar study in the western North Atlantic (Gulf of Maine; Elfes et al. 2010) , to evaluate the hypothesis that humpback whales sampled in Cape Verde and Ireland belong to a different population than those in the Gulf of Maine. We also present data for the first time on sex ratios of humpback whales from Ireland and Cape Verde, to shed light on the migratory ecology of this species, which remains poorly studied in these areas.
MATERIALS AND METHODS

Sample collection and preparation
Sampling was conducted within 10 km of the coast at 2 eastern North Atlantic sites ( Fig. 1) : the southern coast of Ireland during all seasons (September 2009 to December 2012) and Boa Vista, Cape Verde, in spring (April and May 2011). Photoidentification was used to avoid duplicate sampling in the field. Humpback whales were biopsied from small boats (5 to 12 m) using a crossbow (Barnett Panzer V ® , 150 lb [68 kg] draw-strength) with modified (CETA-DART™) bolts and 40 mm steel cutting tips (Specials Engineering) under permit from the respective governments. Sampling tips were fitted to the top of the bolts which have a compressed foam stop-collar to limit penetration, facilitate re-bound and provide buoyancy to the bolt, and to aid in retrieval without the need for a tether. Tips were scrubbed in soapy water, sterilised over a flame, rinsed in 99% ethanol and foil-wrapped prior to use. Bolts containing samples were collected from the sea after darting. Samples were removed from the tips using solvent-rinsed forceps, wrapped in ethanol-rinsed aluminium foil and transported on ice to the laboratory (Marine Institute, Co. Galway, Ireland), whereupon they were stored in glass vials at −80°C. The blubber portion of each biopsy was removed from the skin and sliced thinly on a glass cutting table using a solvent-washed scalpel while still frozen to prevent lipid-loss. The skin portion was preserved in 20% salt-saturated dimethyl-sulfoxide (Amos & Hoelzel 1991) for genetic sex determination. The entire longitudinal blubber profile available (about 30 mm) was used. While the blubber depth varied between samples due to angle and distance from which the samples were obtained, none exceeded the depth of the outer blubber stratum. Biopsies were halved longitudinally, and ca. 75 mg of blubber was used for POP analysis, and a remaining longitudinal sub-sample was retained for stable isotope analysis. The biopsy sampling methodology employed was consistent with that of a similar study in the Gulf of Maine (Elfes et al. 2010) , and adult whales were targeted. While lipid composition in baleen whales may be stratified with respect to contaminant loads according to depth, mean (±1 SD), the depth of biopsy blubber profiles using 40 mm tips was similar between laboratories: 1.20 cm (± 0.26) (Ryan et al. 2013b ) and 1.38 cm (SD not reported) (Elfes et al. 2010 ).
Extraction and analysis
Total extractable non-volatiles (hereafter referred to as lipids) were extracted using a Soxhlet apparatus with 150 ml of research-grade, high-purity n-hexane and acetone in a ratio of 1:1 (Ryan et al. 2013b ). Tissue samples were extracted in 100% glass microfiber thimbles (Whatman ® ) for 24 h (6 h reflux and 18 h soak). Lipid weights were determined gravimetrically to the nearest milligram. Lipids were re-suspended in n-hexane prior to clean-up on a glass chromatography column filled with 6 g aluminium oxide and 0.5 g silica gel (both 5% [w/w] deactivated, mesh size: 0.063 to 0.200 mm); 2 ml of lipid-solvent solution were added to the column and eluted with 60 ml of n-hexane. The sample was concentrated under a stream of nitrogen at 30°C using a TurboVap ® concentrator. When reduced to approximately 5 ml, 1 ml of 2, 2, 4-trimethylpentane was added to the eluant to prevent complete dry-down and to largely replace n-hexane, as the preferred injection solvent. Samples were analysed by dual column gas chromatography with electron capture detection (GC-ECD) using a Varian 3800 with a Varian CP8400 auto-injector on Fig. 1 . Megaptera novaeangliae. Regions where samples were collected for the present study (H) and for previous studies (S), i.e. Gulf of Maine (Elfes et al. 2010) and Gulf of St. Lawrence (Gauthier et al. 1997) . Other places mentioned in the text are also included HT8 (SGE Analytical Science) and Rtx-PCB (Restek) fused silica columns.
Quality control
Analysis was carried out in a laboratory (Marine Institute, Co. Galway, Ireland) with a track record of successful participation in QUASIMEME (Quality Assurance of Information for Marine Environmental Monitoring in Europe) proficiency exercises for the analysis of POPs. While no reference material was available for baleen whales, a full quality control programme was incorporated into the analysis batches including: procedural blanks, replicate samples, determination of contaminants in other reference marine tissues and successful participation in international proficiency studies for the analysis of POPs. Limits of quantification (LOQs) ranged from 0.013 to 0.017 ng g −1 (lipid based), while recovery of a spiked polychlorinated biphenyl recovery standard (PCB 112) ranged from 93 to 106%, with a mean of 101% (± 0.03 SD). This was similar to the mean standard recovery of 98% (± 9%) achieved by Elfes et al. (2010) , which ranged from 62 to 113%. Concentrations from reference samples were within 2 standard deviations of an inter-laboratory mean for all compounds measured; therefore, analytical procedures were deemed comparable. In a similar study from the Gulf of St. Lawrence, sampling and analytical techniques (GC-ECD following Soxhletextraction in hexane) were similar to those herein, where a LOQ of 0.01 to 0.03 ng g −1 was achieved (Gauthier et al. 1997) . However, statistical analysis between the Gulf of St. Lawrence study and ours was not possible as the types of analytes measured were not consistent (e.g. Gauthier et al. did not report PCB 28, 105, or 156) .
Concentrations are reported of PCB congeners (31, 28, 52, 101, 105, 118, 138, 153, 156 and 180) , in addition to the organochlorine pesticides (OCCs) hexachlorobenzene (HCB), the hexachlorocyclohexanes α-HCH, β-HCH and γ-HCH (lindane), oxychlordane, heptachlor, cis-chlordane, trans-nona chlor, dieldrin,
and p,p'-DDT. All concentrations were derived on a lipidweight basis as a sampling effect of biopsy darting leads to lipid-loss in blubber biopsies (Ryan et al. 2013b ). Sums of (10) PCBs and OCC classes (chlordanes, DDTs and HCHs) were considered in order to compare pollutant profiles between sampling regions, and particularly to those reported previously by Elfes et al. (2010) .
Statistical analysis
Concentrations of individual congeners from the current study were compared to those from the study by Elfes et al. (2010) on humpback whales sampled in the Gulf of Maine, allowing comparison of contaminant profiles between humpback whales from locations in the eastern and western North Atlantic. A number of statistical analyses were then completed on lipid-normalised contaminant data to partially account for potential concentration effects. Principal components analysis (PCA) was thus carried out on a concentration-independent basis. ΣPCBs was calculated as the sum of 10 congeners; ΣHCH, as the sum of α-HCH, β-HCH, γ-HCH; Σchlordanes, as the sum of oxychlordane, heptachlor, cis-chlordane, transnonachlor; and ΣDDT, as the sum of p,p '-DDE, o,p'-DDD, p,p'-DDD, o,p'-DDT, p,p'-DDT. Tests for statistical differences between concentrations of congeners between regions and sexes were carried out using multiple pair-wise Wilcoxon rank-sum tests, with a post hoc Holm-Bonferroni correction to account for Type I (false-positive) error.
PCA was used to investigate structuring within the Cape Verde sample, and between 2 potential feeding grounds (Ireland and the Gulf of Maine). A priori zero-centring and scaling were carried out to give comparable unit variance using the 'prcomp' package, and resulting ordinations were plotted using the 'vegan' package in R (R Development Core Team 2011). Scree-plots were used to assess the number of principal components that should be considered. Following a Kolmogorov-Smirnov test for normality and Levene's test for homogeneity of variance, Student's t-tests were employed to test if differences between principal component factor scores between regions were significant (p < 0.05).
Sex determination
DNA was extracted from the skin portion of each biopsy using commercial extraction kits (QIAGEN DNeasy ® blood and tissue kit). Sex was determined genetically following the protocol of Bérubé & Palsbøll (1996) using primers designed for mysticetes. A fragment of the zinc finger protein coding gene, specific to the X (ZFX) and Y (ZFY) chromosome, was amplified using 2 sets of primers. The forward primer anneals to both loci, whereas the reverse primers anneal to either ZFX or ZFY, yielding amplification products of different lengths. Gel electrophoresis of the PCR products through 2% agarose was used to separate the ZFX and ZFY amplification products. PCR products were stained with ethidium bromide and visualised under UV light. Positive (individuals of known sex) and negative (amplification with no genomic DNA) controls were included with each amplification as means of detecting contamination.
RESULTS
Sample collection and sex determination
A total of 40 samples of humpback whales were collected from the eastern North Atlantic: 28 from Cape Verde and 12 from Ireland ( Fig. 1) . Photo identi fi cation confirmed that 2 individuals had been sampled twice (both from Cape Verde), leaving 38 individual samples for sex determination. All samples were sexed unambiguously by molecular genetic analysis as follows: Cape Verde, 9 females, 17 males; Ireland, 6 females, 6 males. A significant sex-biased distribution was found, where males were more abundant than females (1.9:1) in the samples from Cape Verde (χ 2 = 1.08, 1 df; p < 0.05). This is a common feature of humpback whale breeding grounds (Brown et al. 1995 , Palsbøll et al. 1997 , Rosenbaum et al. 2009 ). Although based on a small sample size, the sex ratio was in parity for samples from Ireland. In total, 24 biopsy samples had sufficient tissue for POP analysis of blubber lipid: 20 (12 males, 8 females) from Cape Verde and 4 (3 males, 1 females) from Ireland.
Concentrations of POP compounds
All 10 measured PCB congeners were detected at quantifiable levels (>LOQ). Sixteen of 21 measured OCCs were also detected in all individuals (Table 1) . All results are reported on a lipid basis, as extracted. However, the percentage lipid content of blubber biop sies was not presented because this is unrepresentative of the tissue in situ due to lipid-loss arising from the biopsy sampling technique (Ryan et al. 2013b ).
Differences in POP concentrations
Males exhibited significantly higher burdens of several POP compounds than females (Table 1) . This was particularly apparent for PCBs where the Σ10 PCB was very highly significantly different (p < 0.005) between the sexes, although not every individual congener exhibited significant differences (i.e. PCBs 28, 31,153 and 180) (Table 1) . Conversely, the only female in the Irish sample had higher concentrations of POPs than the mean for Irish males for all compounds measured, with the exception of PCB28, lindane and cis-chlordane. Cape Verde males had a significantly greater concentration of HCB (p < 0.01) than did those in Ireland; however, concentrations of all other analytes measured were not statistically different between the 2 regions (Table 1 ). After correction for false positives (Type I error) using the post hoc Holm-Bonferroni procedure, 6 of the 10 PCB congeners measured (PCBs 52, 101, 105, 118, 138 and 156) were present in significantly lower (p < 0.05) concentrations in female than in male humpbacks from Cape Verde (Table 1) .
Concentrations by sums of POP classes (Σ10 PCBs, Σ5 chlordanes, Σ3 HCHs and Σ5 DDTs) were compared among regions (Fig. 2) . The concentrations of summed POP classes were found to be significantly different for whales from the Gulf of Maine, whereas those from Cape Verde and Ireland were statistically indistinguishable, although based on a small sample for Irish whales (Table 1) . The Σ10 PCB level was an order of magnitude greater in whales from the Gulf of Maine compared to those from the eastern North Atlantic (Ireland and Cape Verde). The ΣHCHs, however, had a higher concentration in the latter than in the former. The ratio of ΣDDTs:ΣPCBs (mean ± SD) was higher for males from Cape Verde (1.69 ± 0.41) and Ireland (1.44 ± 0.50), indicating proportionately greater sources of agricultural over industrial sources of pollutants than for the Gulf of Maine (0.70 ± 0.11). Our results are not comparable with those from the Gauthier et al. (1997) study, due to differences in both the lipid extraction technique used and the number of PCB congeners analysed. These data were therefore not included in our statistical analyses.
Congener profiling: normalised relative to the sum of congeners
A concentration-independent PCA for all 4 classes of POPs (normalised on the sum for each class), classified Cape Verde and Gulf of Maine humpback whales into distinct clusters (Fig. 3) . A scree-plot for the PCA of all compounds (normalised on the sum of each class, see 'Materials and methods') indicated that the first 3 principal components (PC) were cumu-latively responsible for 66.8% of the variance. Females had been excluded from the Gulf of Maine study (Elfes et al. 2010) , and were also excluded here for the purpose of comparison between the 2 studies, given the sex bias observed in POP profiles. Eastern North Atlantic (Cape Verde and Ireland combined) and Gulf of Maine clusters were significantly different with respect to the first factor (t = −8.47, df = 18, p < 0.01), but not with the second factor (t = −1.42, df = 16, p = 0.17). The loadings (both PC1 and PC2) indicated that PCBs 138, 153 and 180 were highly influential eigenvalues for Gulf of Maine whales, whereas eigenvalues for eastern North Atlantic samples were characterised by less recalcitrant PCBs (28, 31, 52, 105, 118 and 156). Loadings from trans-no na - Gauthier et al. (1997) . Note that the extraction methods and number of PCB congeners from the latter are not consistent with the present study. For abbreviations see Table 1 Congener Cape Verde Ireland Gulf of Maine Female (n = 8) Male (n = 12) Female (n = 1) Male (n = 3) Male (n = 20) PCB31 2 ± 1 (1−4) 9 ± 13 (1−44) 6 2 ± 2 (1−5) 1 ± 0 (1−6) PCB28 4 ± 1 (3−5) 6 ± 3 (1−14) 3 5 ± 4 (2−10) 2 ± 1 (1−7) PCB52 13 ± 13 (0−34)** 40 ± 25 (10−86) 54 16 ± 8 ( chlor strongly influenced the bi plot distribution of Gulf of Maine whales, whereas the remaining chlordanes (heptachlor, cis-chlordane and oxychlordane) were more influential to analytical results for loadings from Cape Verde and Ireland (Fig. 3) .
DISCUSSION
Levels of persistent organochlorine pollutants
Overall, concentrations of POP compounds in humpback whale blubber lipid were generally an order of magnitude lower in the whales from Cape Verde and Ireland compared to both the Gulf of Maine (Elfes et al. 2010 ) and those sampled from the Gulf of St. Lawrence (Gauthier et al. 1997) in the western North Atlantic. Notable exceptions were observed for HCB, HCHs, PCB31 and PCB28. With the exception of HCHs, levels of all classes of POPs in whales from the eastern North Atlantic reported here were higher than those from the Pacific (Alaska, Aleutian Islands, Bering Sea and California) (Elfes et al. 2010 ). While Elfes et al. (2010) utilised methylene chloride extraction, as against n-hexane/acetone, followed by sizeexclusion high-performance liquid chromatography (SEC-HPLC) with subsequent gas chromatography/ mass spectrometry (GC/MS) detection, we argue that the analytical specificity and limits of quantification are comparable between studies (see 'Materials and methods' section for LOQ). HCH concentrations in humpback whales sampled in the Gulf of St. Lawrence were an order of magnitude higher than those presented herein, which may be due to the high levels of pesticide application on Canadian farms adjacent to the region (Tuduri et al. 2006) . HCH levels in Pacific humpback whales are generally higher than those in the western North Atlantic (Elfes et al. 2010) .
All lipid-normalised PCB concentrations presented here were below the estimated threshold toxicity value of 17 000 ng g −1 for blubber in marine mammals (Kannan et al. 2000) . Some PCB congeners such as 105, 118 and 156 have dioxin-like properties and have thus been assigned toxic equivalency factors by the World Health Organisation to facilitate risk assessment (Van den Berg et al. 2006) . Whales from the eastern North Atlantic exhibited a pattern consistent with lower metabolic response to these dioxinlike contaminants than did whales from the Gulf of Maine, a highly industrialised region of North America. POP profiles of Gulf of Maine whales were characterised by more recalcitrant PCBs, whereas those in the eastern North Atlantic had higher proportions of lower condensed (i.e. relatively more volatile) PCB congeners (Fig. 3) . This suggests that the source of observed PCB residue concentrations in whales from the eastern North Atlantic is better explained by atmospheric transport by diffusion, rather than pointsource contamination. This is consistent with likely higher latitude feeding grounds for humpbacks sampled in Cape Verde. Indeed, all of the photographic recaptures of humpback whales between Cape Verde and their feeding grounds to date have occurred at high latitudes above 65°N (Jann et al. 2003 , Wenzel et al. 2009 ).
Despite the extensive use of DDT in the tropics, chiefly for malaria control, there are few studies which report on concentrations in mammals there (Schenker et al. 2008) . DDT has been used intensively in West Africa to successfully combat malaria, e.g. the World Health Organisation promoted the use of indoor residual spraying in 2006 (Sadasivaiah et al. 2007) . While it is possible that whales near Cape Elfes et al. 2010) . Percentages denote the proportion of variance described by the respective principal components. For abbreviations see Table 1 Verde inhale gas or particulate DDT while on their West African breeding ground, the predominant source of DDT is likely dietary (Aguilar et al. 1999 The sex-biased distribution of POP concentrations observed herein is consistent with most mammalian studies and may be explained by the potential for reproductive transfer exhibited by females, where by lipophilic contaminants are transferred to offspring directly across placental membranes during gestation, and thereafter by lactation (Aguilar & Borrell 1994) . Due consideration must be given to many other possible sources of variation in xenobiotic residues in tissues. Variation may arise from differences in diet or trophic level (Muir et al. 1988 ), geographic range (Elfes et al. 2010) , nutritive condition (Aguilar et al. 1999) , metabolic rate (Tanabe et al. 1988) , birth-order (Ylitalo et al. 2001) , or body mass and age (Aguilar & Borrell 1988) . In this study, concentrations were normalised on the sum of PCBs to reduce the effects of some of these cofactors. There are, however, interactions between several other potentially confounding factors (e.g. body size and metabolic rate). Measures to address these potential effects were taken in this study by only sampling adult whales. There is also evidence of potentially confounding mechanisms affecting tissue concentrations. Mysticetes undergo prolonged fasting with changes in both blubber lipid content and composition, whereby body mass may be reduced by one-third to one-half (Dawbin & Norris 1966 , Lockyer 1987 , Aguilar & Borrell 1990 . Such changes may lead to a concentration of lipo philic xenobiotics such as POPs when lipid stores are metabolised, culminating in increased tissue concentrations while fasting during the breeding season. However, the influence of nutritive condition on organochlorine concentrations in humpback whales is unknown. Blubber biopsies taken from identified individuals on both their feeding and breeding grounds could be used to address this shortfall in our knowledge.
Sex ratio
As discussed above, an important consideration when comparing concentrations of POPs between samples from regions is the sex of the individuals, as females will transfer burdens to their offspring, whereas males will not. Determining sex for each biopsy sample presented the opportunity to investigate the sex ratio of humpback whales from both Ireland and Cape Verde for the first time. The sex ratio can provide important information on the ecology of humpback whales in these areas which remain poorly studied. Although based on a small sample (n = 26), the male bias at 1.9 among the Cape Verde samples was similar to those estimated on other breeding grounds (Palsbøll et al. 1997 , Rosenbaum et al. 2009 ). It has been suggested that a male sex bias among breeding ground samples is due to pregnant females overwintering on the summer feeding grounds (Brown et al. 1995) . However, Palsbøll et al. (1997) concluded that this did not explain the sex bias found in their study of the West Indies breeding population. Instead, a longer winter residency by males or higher site fidelity by females (or a combination of the two) is likely to account for the male sex bias on breeding grounds (Palsbøll et al. 1997) . The sex ratio of humpback whales did not deviate significantly from parity in Ireland, nor at any of the North Atlantic feeding locations that have been investigated to date. This result is consistent with Ireland representing a feeding ground or migratory stopover point (Charif et al. 2001) .
Factors influencing observed POP concentrations
Differential transportability and regional inputs have contributed to latitudinal patterns of various classes of POPs (Iwata et al. 1993 ). In particular, both HCHs and HCB exhibit a strong positive latitudinal cline (Simonich & Hites 1995) . Cape Verde male humpback whales exhibited significantly higher proportions of HCB and HCH levels compared to Gulf of Maine males, despite lower levels of all other POP congeners. Therefore, our results suggest that Cape Verde whales forage at higher latitudes than the Gulf of Maine. HCB and HCHs, which are associated with intensive agriculture, have been recorded in aerosols at high latitude humpback whale feeding grounds in the eastern North Atlantic (Jan Mayen and Bear Island), at concentrations higher than in the surrounding Atlantic, and comparable to those of densely populated areas of the USA (Pacyna & Oehme 1988) . High proportions of HCB, HCHs and the high ΣDDT: ΣPCB ratio in Cape Verdean and Irish humpback whales are all consistent with pollutant burdens deriving from agricultural rather than industrial sources. Geographic patterns of HCB and HCH compounds in the tissues of predators, when not confounded by trophic enrichment, can be useful in detecting spatially explicit populations and hence stock structure (Hoekstra et al. 2002 , Borrell et al. 2006 , Dickhut et al. 2009 ). While this was not possible in the current study due to the geographically restricted sample, the differences in POP profiles between eastern North Atlantic and Gulf of Maine samples suggests that this tool has the potential to delineate stock structure in North Atlantic humpback whales.
Towards investigating population structure in North Atlantic humpback whales using POPs
In isolation, POP concentrations may be ineffective in discriminating between populations due to their high variability and numerous confounding factors (e.g. sex, age and diet). In cetaceans, the POP burden arises chiefly via diet, i.e. from prey (Aguilar et al. 1999) . Diet and trophic level may vary among individual whales, and POP sources may vary due to temporal variance in prey composition at a specific feeding locality. However, both sampling location and regional prey availability may give rise to marked spatial patterns of contaminant levels in humpback whales (Elfes et al. 2010) . By extension, inferences can be made regarding the broader distribution of humpback whales in the North Atlantic, assuming that humpback whales from all study areas have obtained their POP burdens primarily from the same kinds of prey.
Our results provide no evidence of connectivity between humpback whales from Cape Verde or Ireland with those summering in the Gulf of Maine (or indeed the Gulf of St. Lawrence). Further POP analysis using the methodological framework presented here (Fig. 3 ) may allow assignment of Cape Verdean whales to specific feeding grounds. However, such an analysis should include samples from the other known breeding ground (the West Indies) and major feeding grounds (Newfoundland/ Labrador, Iceland, Norway and West Greenland) in the North Atlantic. This would complement on-going molecular genetic studies into reproductive isolation between the 2 known North Atlantic breeding grounds. Spatial structuring of humpback whale populations in the North Atlantic remains at least partly unresolved (Palsbøll et al. 2001 , Pike et al. 2009 , and should be a research priority towards more informed conservation goals. This is particularly urgent in light of the apparently small breeding population of humpback whales in Cape Verde, which if the current abundance estimates of between 99 and 137 individuals are accurate, is vulnerable to anthropogenic and stochastic threats to its survival similar to those of North Atlantic right whales Eubalaena glacialis (Caswell et al. 1999 , Fujiwara & Caswell 2001 .
Conclusions
PCB and DDT concentrations in humpback whales sampled in the eastern North Atlantic were lower than threshold toxicity levels for blubber in marine mammals and almost an order of magnitude lower than those in Gulf of Maine whales (males only). Compared to those sampled in the Gulf of Maine, males from the eastern North Atlantic exhibited higher concentrations of lower condensed (i.e. more volatile) PCB congeners (28, 31 and 52), as well as HCHs and HCB, both of which are usually associated with high latitudes. The contaminant profiles of humpback whales from Irish waters were similar to those from Cape Verde for most POP compounds considered. The present study suggests that POP profiling may be useful in clarifying unresolved aspects of population structure in humpback whales in the North Atlantic. In light of their small estimated population size and the possibility of reproductive isolation, we urge further research to facilitate a more thorough assessment of the conservation status of the putative eastern North Atlantic humpback whale population. The relatively low POP concentrations in the blubber lipids of Cape Verde humpback whales suggest that POPs are unlikely to be a factor in the poor recovery rate of this small putative population. 
